Preliminary shallow landslide susceptibility mapping of the Jamne and Jaszcze stream valleys, located in the Polish Flysch Carpathians, is presented in the paper. For the purpose of mapping, there were used SINMAP and Iverson's models integrating infiltration and slope stability calculations. The calibration of the used models parameters, obtained from limited field and laboratory tests, was performed using data from 8-9 July 1997, when as a consequence of a very intense rainfall, 94 shallow landslides were observed on meadows and arable lands. A comparison of the slope stability calculation results and the localisation of the noticed shallow landslides showed satisfactory agreement between localisation of the observed and computed unstable areas. However, it was concluded that better simulation results were obtained using Iverson's model.
INTRODUCTION
Rainfall-induced shallow landslides are common phenomena in the world. They usually occur in tropical regions (e.g. Au 1998 , Rao 1998 , Fuchu et al. 1999 , Liao et al. 2012 ), but they happen in moderate climate regions as well. Shallow movements are also noticed in the Polish Carpathians area, where catastrophic rainfalls periodically take place (Jakubowski 1965 , Ziętara 1968 , Dziewański et al. 2003 , Gorczyca 2004 .
Prediction of the landslide occurrence is very important from an economic point of view. Generally, landslide susceptibility assessment methods can be classified into qualitative and quantitative. The first group of methods considers a statistical relationship between landslide occurrence and related factors (slope inclination, soil type, type of cover etc.), but not the failure mechanism (Park et al. 2013) . So quantitative methods, based on physical or physically approximated models, which consider a cause-and-effect relationship between physical and instability processes, seem to be a better tool for the slope stability calculations. These methods are commonly used for the slope stability mapping by geologists, but they are not very often used for the mapping of the Polish Carpathians.
The preliminary landslide susceptibility mapping of slopes of the Jamne and Jaszcze stream valleys (the Gorce Mountains) done using two quantitative models is the subject of this paper.
STUDY AREA
The Gorce, medium-sized mountains (600-1,300 m a.s.l.), are situated in the Polish Flysch Carpathians. They extend 33 km from west to east and form wide mountain ridges with steep slopes, deeply cut through by tributaries of the Raba and Dunajec rivers. The research was carried out in the valleys of the Jaszcze and Jamne streams (Ochotnica Dolna commune) - Figure 1 .
Both catchments are in the range of the Magura nappe (Upper Cretaceosus to Eocene), which appear in the form of alternate sandstone and shale layers of varying thickness. Shales and thin bedded sandstones are less resistant to weathering, while more resistant thick beds of sandstone usually form the culminations (Sikora and Żytko 1968, Burtan et al. 1978) . The ridges are rounded and inclined up to 5°, but over 70% of the area occupies slopes steeper than 15°, of convex or convex-concave shape. Steep slopes are dissected by linear erosion and shaped mainly by shallow landslides, which cover about 10% of both catch-ments (Gerlach and Niemirowski 1968) . The grain-size composition of these soils includes loams and sandy clay. In the Jaszcze and Jamne catchments, the soil layer is firmly attached to the parental rock, which is reflected in its physical and chemical properties and in the thickness of soil profiles. On the steep slopes, the soil profile thickness is diversified. In the upper parts of slopes, mainly shallow and moderately deep soils occur, and the thickness of profiles amounts to between 20 and 50 cm (Adamczyk and Komornicki 1969) . In the lower parts of slopes, the thickness can exceed 1.5 m. Additionally, there are rock fragments of parent material of various sizes in the profiles. These are chiefly fragments of sandstones.
Both drainage basins are overgrown with the forest of the lower montane zone, and the Carpathian spruce forest occurs only at elevations above 1,000 m. The upper parts of the valleys are within the borders of the Gorce National Park (GNP), established in 1981. In both catchments, the effects of many centuries of human activities have transformed the natural environment. Current land use of the analyzed area is presented in Figure 1 .
In the periods of July 1997 and July 2008, very intense precipitation occurred in the study area. It was 70 and 76.3 mm respectively and triggered a number of landslides that were mostly shallow failures (Bucała 2012) (Fig. 1) . A majority of them were classified as shallow debris flows of gravelly and sandy material. Some of them were translational landslides displaced along contact of slope covers and bedrock contact or rotational slides occurring within slope cover. The depth of slipping surfaces didn't exceed 1.5 m.
MATERIAL AND METHODS

Soil Parameters
The research started with field and laboratory tests for determination of geotechnical parameters of soils. The samples were collected from a few sites located in the neighbourhood of the shallow landslides formed in 1997 and 2008. Depth of bedrock was estimated based on the observation of the outcrop of flysch strata in excavations made during road earthworks and in a few open pits made on the slopes of the Jamne catchment area (Bucała 2012).
Site investigations included making a few open pits in order to collect soil samples, determination of soil density using sand replacement method and estimation of hydraulic parameters of the soil. The laboratory tests comprised determination of a grain-size distribution, soil consistency limits and shear strength parameters. Shear strength tests were carried out in a standard direct shear apparatus. Some shear strength tests were also done in a triaxial apparatus using back-pressure method.
Models
In order to determine slope stability conditions in both catchment areas, integrated calculations of infiltration and stability in GIS environment were carried out. For that purpose, there were two computational models used.
The first model describing landslide susceptibility of slopes is SINMAP (Stability INdex MAPping) model (Pack et al. 1999) , which is commonly used for a slope stability analysis (Morrisey et al. 2001, Deb and El-Kadi 2009 ) mainly because it is simple and it is quite easy to define input parameters. The model integrates calculations of a steady subsurface flow induced by steady rainfall and slope stability calculations using a one-dimensional infinite slope stability model. The fundamental form of equation for determination of safety factor is given by:
where: c r -root cohesion, c s -soil cohesion, β -slope inclination D -vertical soil depth, D w -the vertical height of the water table, g -gravitational acceleration, ρ s -density of soil, ρ w -water density, φ' -effective angle of internal friction.
Assuming that:
and integrating of equations (1)- (4), the formula for the factor of safety is simplyfed to the following form:
( )
Equation (5) allows us to determine influence of subsurface flow, which acti-
vates increase of perched groundwater, on changes of effective stresses within soil and in consequence decline in value of safety factor. In other words, the model assumes that rainfall causes partial saturation of superficial soil layer of slope, what has an effect on increase of wetness index values and in consequence has the influence on numerator of equation (5). The variables a, α derive from digital elevation model (DEM), whereas C, φ' and T are input by the user and they can vary in some boundaries. Thus, slope stability calculations are made considering different values of input geotechnical parameters of soil. As a result, the SIN-MAP represents a probabilistic approach to the slope stability analysis, which is described by the value of Stability Index (SI), that expresses probability that the factor of stability is higher than 1. There are six distinguished six classes of SI, which are described in Table 1 . The second quantitative model used for mapping the landslide susceptible areas was Iverson's model (2000), which uses a physical model of rainwater infiltration in the soil profile described by the linearized one-dimensional Richard's equation. The slope stability changes are mainly a results of pore water pressure changes, which are expressed by the following equations:
where: 
C 0 -minimum value of the change in volumetric content per unit change in pressure:
In Iverson's model, as Morrisey et al. (2001) point out, the pore water pressure is calculated considering vertical flow, and not slope parallel flow as in SINMAP, in the unsaturated zone above the groundwater table as well as in the saturated zone below the water table. As a result of the pore water pressure changes, the factor of safety can be determined using the following formula:
In equation (8), soil suction is considered as a negative pore water pressure. An advantage of Iverson's model is that slope stability calculations can be made for transient rainfall. In such case the analysis is divided into periods, in which uniform rainfall intensities are considered. For each analytic period are calculated changes of pore water pressure and safety factor values. As indicate Baum et al. (2008) applicability of the model is limited to the homogeneous isotropic soil condition and the model is not recommended for using for the slopes steeper than 60°.
For the purpose of the analysis, equations (6) and (7) were used, which were adapted to the calculation of an unsteady infiltration. Their modification was based on the change of the second element of the equation, where in every calculation step rainfall intensity values were used separately. The value of the hydraulic diffusivity was estimated on the basis of a Soil Water Characteristic Curve (SWCC), which was determined on the basis of the geotechnical parameters of the soil (void ratio, grain-size distribution, liquid limit) using a model of Aubertin et al. (2003) . Groundwater table was assumed to be at 1 m below the surface, which was close to the average depth of sliding surfaces of the observed landslides. Criterion of shallow landslide susceptibility was assumed according to the obtained values of the safety factor:
FS <1 -high probability of landslide, 1< FS <1.3 -probable instability, 1.3< FS <1.5 -low probability of landslide, FS >1.5 -very low probability of landslide.
For the purpose of mapping, Digital Elevation Model (DEM) was prepared 
with the resolution of 10 m, which is the maximum value recommended by Morrisey et al. (2001) . The model was done on the basis of a digital terrain model derived from the Geodetic and Carthographic Documentation Centre (CODGiK). For analysis executed using SINMAP the amount of precipitation was assumed as daily rainfall (equal to 70 mm) recorded in 8 July 1997 at the weather station of Institute of Meteorology and Water Management in Ochotnica Górna. Because of the small area of analyzed catchments we assumed that the amount of precipitation was uniform for all tested areas. For analysis using Iverson's model were used hourly rainfall data from the period of 7-9 July 1997 published by Grela et al. (1999) . Landslide susceptibility areas obtained from the slope stability calculations were compared to the areas of failures arisen in the above mentioned period.
Location of the landslides was interpreted using aerial photos; the area of analysis was limited to meadows and arable areas which comprise approximately 35% of the catchments area.
RESULTS AND DISCUSSION
Geotechnical parameters of slope covers
Generally, slope covers of both catchments are composed of coarse-grained soils, which according to the Polish standard [PN-EN ISO 14668-2:2004] were classified as sandy clayey gravel (saclGr) of medium permeability - Table 2 .
Shear strength test results ( from 3.7 to 11.8 kPa, which is not typical for these types of soils. It was stated that such great values of cohesion are connected with the grain-size distribution of the tested soil samples. Therefore, for the purpose of the slope stability analysis, the value of cohesion was reduced. Parameters used as an input data in SINMAP were diversified due to the land use (Table 4 ). In case of Iverson's model input shear strength parameters were: angle of internal friction 34.9° and cohesion 1.6 kPa. Permeability coefficients had the same values as a minimum values of these parameters used in case of analysis using SINMAP model.
Slope stability calculations
The results of the slope stability analysis ( Fig. 2b) revealed that over 70% of the whole catchments area is susceptible to shallow landslides, which is connected mainly with the steep inclination of slopes. However, it should be noted that most of the area was classified as upper threshold zone, which means that only the worst values of shear strength parameters give values of safety factor smaller than 1. The results of hydrological calculations (Fig. 2a) revealed that the rainfall of the assumed intensity can saturate the slope cover. Next, the results of the slope stability calculations made (Fig. 3) revealed that the critical periods for the slope stability conditions occurred at the end of the analysis, when the most intense precipitation took place. The calculations results obtained in the last period indicate that the 7.2% of the whole Jamne and Jaszcze catchment areas are classified as unstable, 26.7% as quasi--stable. However, the slope stability simulation limited to meadows and arable lands showed that the zone prone to shallow landslides comprises 37.3% of the analysed region, and for only 11.1% of the region stability factors are less than 1.
Comparative analysis of the slope stability calculations using two physically-based models revealed some differences between the observed landslides and landslide prone areas indicated by models. As notice Crosta and Frattini (2003) , sources of errors in the slope stability modelling can be classified into two types: computed stable grids are located in an actually unstable area and computed unstable grids are located in a stable zone. The results of the simulation using SINMAP revealed that 77% (72 from 94) of the observed landslides were correctly localised in the unstable area (SI <1), 20% were localised in the quasi-stable area and 4% of the landslides were indicated in the stable zone. Next, results of the modelling using Iverson's model showed that 35.1% of the observed landslides were correctly lo- calised in the unstable area (FS <1) and 34.0% were localised in the area, where the probability of failure was quite high (1.01< FS <1.30). It means that higher amounts of the correctly localised landslides were determined using SINMAP. However, the percentage of the areas prone to landslides for meadows and arable lands in the analysed catchments modelled by SINMAP was over 60% of the area, whereas calculation using Iverson's model revealed that the areas susceptible to shallow mass-movements comprise 37.3% of the catchments area. Hence, comparing simulation results for both models one can state that the SINMAP overestimates unstable areas, which was also pointed out by Morrisey et al. (2001), Crosta and Frattini (2003) or Zizioli et al. (2013) . For the purpose of a quantitative comparison of modelling results, a Qual- ity Index proposed by Crosta and Frattini (2003) was used in a further part of the work. The index defines ratio of the landslide's area within stable and unstable areas. The results of the calculations revealed that the Quality Index obtained for Iverson's model was significantly greater (3.8) than the one determined using SINMAP (2.1). These values are not very great in comparison to the results obtained by Crosta and Frattini (2003) . It means that the models of the Jamne and Jaszcze catchments need corrections. A source of the discrepancies between the actual landslide and the results of modelling can be due to errors within hydrological or stability models of slopes. Crosta and Frattini (2003) suggest that hydrological model errors can be a result of e.g. an incorrect rainfall input, wrong hydrological parameters, violation of model assumptions and overestimation of hydrological processes. A few permeability tests revealed that hydraulic conductivities of slope cover are not very diverse. Hydrological calculations obtained for both models gave the same qualitative results, indicating that the analysed rainfall was deep enough to saturate the soil profile and induce seepage forces within the slopes.
On the other hand the stability model errors can be related to incorrectly determined soil properties, uncertain description of the morphology and lithology of the area. In both models, geotechnical parameters of soil were assumed based on the limited amount of tests and they were very similar. The main discrepancy of the parameters assumed for the calculations in both models was connected with cohesion. In SINMAP the minimum value of cohesion was equal 0 kPa, whereas in Iverson's model it was assumed as equal to 1.6 kPa. As Deb and El-Kadi (2009) point out, the cohesion component has a significant influence on the stability calculations, which can explain, why unstable areas indicated by SINMAP were larger than the ones obtained using Iverson's model.
Other important factors, which have a significant influence on the hydrological as well as stability analysis results, are correct determination of the initial ground water level and the thickness of the slope cover. In the model, due to the lack of detailed field data, a uniform soil thickness was assumed. As indicates Ho et al. (2012) calculation results, such assumption can cause an overestimation as well as underestimation of the amount of unstable grids. The ground water table level was assumed as equal to the soil thickness, which was also equal to the depth of the bedrock. On the basis of field observation, it was stated, that during the intense rainfall, water accumulated on the roof of the bedrock.
Another significant factor, which can trigger shallow landslides, is an erosion process of mountainous streams. Some shallow landslides, which were not computed by models, were localised in the vicinity of streams, which can erode during floods, cut the base of slopes and affect their failure. It's difficult to simulate this process due to the fact, that the local changes of the slopes inclination at river banks are usually too small to be visible in digital elevation models. The problem of the resolution of DEM was pointed out, among others, by Zizioli et al. (2013) , who noticed significant discrepancies between observation and simulation of the slope stability results for linear engineering constructions as roads. They observed many shallow landslides in the vicinity of road embankments, which were usually not computed by model.
CONCLUSIONS
The preliminary shallow landslide susceptibility mapping of the Jamne and Jaszcze catchment areas using two quantitative (physically-based) models was the subject of this study. For the purpose of the research, limited permeability and shear strength tests were carried out and their results were used in the further part of the work for the slope stability modelling. Data collected at shallow landslides activated in the period of 8-9 July 1997 as a consequence of a very intense, short-lasting rainfall were used as the reference for the simulation results.
Comparative analysis of two selected models showed that the major factor controlling instability processes in the Jamne and Jaszcze catchments was the saturation of the slope cover, which induced seepage forces within the soil profile. The comparison of the slope stability results and the localisation of the noted shallow landslides showed close agreement between the localisation of the observed and computed unstable areas. Simulation results obtained using SINMAP revealed that 77% of the observed landslides were correctly localised, whereas Iverson's model indicated correctly 69% of landslides. However, it was stated that the SINMAP overestimates landslide prone areas. Therefore, estimation of accuracy of the model made using Quality Index revealed, that better simulation results were obtained using Iverson's model.
The analysis of the simulation results revealed that discrepancies of the observed and computed unstable areas location can be related to the limited site investigation and laboratory tests. So, further calibration of the tested model should be concentrated on detailed recognition of the geological structure of both analysed catchment areas and the analysis of fluvial processes within stream-channels.
